Insect larvae that feed on developing corn kernels have been implicated in establishment of Aspergillus flavus Link ex Fr. infection and subsequent contamination of the seed with aflatoxin before harvest. The effect of environment on the association between A. flavus and 2 corn insects was examined on corn grown at diverse locations. Corn ears at Tifton, Ga., Ankeny, Iowa, and Portageville, Mo., were hand-infested with corn earworm, Heliothis zea (Boddie), and European corn borer, Ostrillia Ilubilalis (Hubner), and inoculated with A. flavus spores. Test corn was planted at different times to acquire varied maturity stages in ears during the growing season. Insects were collected from ears at staggered times after flowering and examined for A. flavus. The highest incidence of the fungus on corn insects was observed in Georgia samples (21.9%); Missouri insects provided an intermediate occurrence (13.7%); and the lowest fungal presence was found on insects from Iowa (7.3%). Infestation of ears with insects and introduction of fungal spores into the silk bundle increased levels of toxin in mature seeds, particularly in Georgia and Missouri corn. Ears exhibiting the greatest visual insect damage provided seed with the highest aflatoxin levels. The results provided compelling evidence for the role of corn insects in transferring A. flavus spores from the silk region of the ear into the region of developing kernels and subsequent formation of aflatoxin in seed. The extent of the fungal-insect association and related toxin production was influenced by regional factors.
Previous investigations of the occurrence of aflatoxin in preharvest corn identified several salient features of the contamination process: (I) insect damage caused by larvae feeding on developing ears was associated with infection by the aflatoxin-producing fungus, Aspergillus flavus Link ex Fr. (Fennel et al. 1975 (Fennel et al. , 1977 ; (2) insects facilitated the entrance of A. flavus from outside the plant into the ears , Widstrom et al. 1975 ; (3) corn grown in the southern U.S. generally had higher levels of aflatoxin contamination (Anderson et al. 1975 , Lillehoj et al. 1975b ; and (4) maturity state of corn was related to susceptibility of the crop to toxin contamination in the field (Lillehoj et al. 1975a ).
In the current study, our objectives were to acquire information on the interregional insect-A. flavus associations in developing corn through: determination of the fungus in European corn borer, Ostrillia llubilalis (Hubner) (ECB), and corn earworm, Heliothis zea (Boddie) (CEW), larvae at various stages of ear maturity; evaluation of the relationship between available A. flavus inoculum in the silk bundle of developing ears, activity of larvae that feed through the silk into the region of maturing kernels, and subsequent contamination of the seed by aflatoxin; and examination of increased insect activity on developing ears mediated by hand-infesting test plants with ECB and CEW on subsequent presence of toxin in corn kernels.
Materials and Methods
The test hybrid was a commercial variety adapted to the Corn Belt but widely grown throughout die United States; for this experiment it was grown at Tifton, Ga., Ankeny, Iowa, and Portageville, Mo. Planting dates were May 1 and June I in Iowa and Missouri, and Apr. 16 and May 13 in Georgia. Two replications with 100 plants/replicate were planted for each of 8 treatments: Control; A. flavus inoculation; CEW infested 7-10 days postflowering, CEW infested 7-10 days postflowering, A. flavlls inoculation; ECB infested 5-10 days postflowering; ECB infested 5-10 days postflowering, A. flavus inoculation; ECB infested 20 days postflowering; and ECB infested 20 days postflowering, A. flavus inoculation.
The fungal inoculum was prepared from an A. flavus isolate (NRRL 3357) grown on potato-dextrose-agar in Roux flasks for 2 wk at 28°C. Spores were washed from the surface of the agar with sterile, distilled water containing 0.01 % Triton X. Test ears were inoculated with 0.1 rnl of an A. flavlls spore inoculum (I x lOS spores/rnl). The inoculum was dispensed from a tuberculin syringe equipped with a 26G 9.5-mm needle, by inserting the needle into the silk bundle at the tip end of the husk and injecting the spore suspension.
Hand infestation of test ears with insects was accomplished through transfer of ECB egg masses and CEW (3 freshly hatched larvae/ear) to developing ears. Egg masses within 2 days of hatching were pinned to the husk near the silk, and larvae were placed in silk channels.
CEW and ECB larvae were collected from 20 hand-infested ears/replicate on 2 dates: CEW plots, 15 and 25 days postflowering, and ECB plots, 50 and 65 days postflowering. Larvae were placed individually in sterile, screw-capped vials. In the laboratory, larvae were washed with 5 rnl sterile water, and 0.2-rnl samples of the wash water were transferred to a petri plate. All plates were incubated for 7 days at 28°C and examined for the presence of A. flavus.
In the Georgia samples, mature ears were individually scored for visual insect damage (1 = none, 2 = moderate, and 3 = heavy).
Immediately after harvest, all test ears were placed in 65°C forced-draft dryers for 5-7 days; final moisture levels were consistently below 14%. Dried ears were shelled, and seed from a replication or insect damage category was aggregated and ground in a Raymond hammer mill with a screen containing 3.2-mm perforations. The ground sample was blended for 15-30 min in a Patterson Kelley twin shell blender. Ground and blended com samples were assayed for aflatoxin by the Official First Action Method (Anon. 1975) . Quantities of aflatoxin were determined on activated TLC plates coated with 0.5-mm Adsorbosil-1. Plates were developed with water:acetone:chloroform (1.5:12:88 voU vol) in unequilibrated tanks, and fluorescent zones were measured densitometrically . Aflatoxin B 1 was confirmed in representative positive samples by the formation of the water adduct (Anon. 1975).
Results
The association between A. flavlIs and com insects was studied by collecting CEW and ECB larvae from test plants at various stages of development and examining the insects for the presence of the fungus (Table 1) .
Of 2936 insects examined in the study, A. flavlIs was observed in 121/786 (15.4%) CEW and 247/2150 (11.5%) ECB. The association of the toxin-producing fungus and insects varied widely between locations. Overall occurrence of A. flavlIs in insects was: Georgia, 21.9%; Missouri, 13.7%; and Iowa, 7.3%. The external occurrence of the fungus exceeded the internal by ca. 2-4.5 times at the 3 locations. Test ears that were hand-infested with insects and 1> Variation significant at the 0.01 level. X 2 tests variation in percent incidence between treatments. " LSR = least statistically significant ratio between 2 means (95% level). Table 3 summarizes aflatoxin levels from both Missouri and Georgia based on the inoculation with A. jlavlIs and ECB and CEW infestation. Although the differences among uninoculated samples did not vary significantly, the CEW (7-10 day) and ECB (5-10 day) postflowering infestations exhibited increases over uninoculated samples of ca.
7,5 and 10 times, respectively. Table 4 presents levels of aflatoxin in mature Georgia corn based on the visual insect damage on mature ears. Although a broad occurrence of toxin was observed in samples of all 3 insect damage categories, ears exhibiting heavy damage (category 3) had significantly higher levels of toxin.
A simple linear regression of log B I on the damage category number was fitted to the Georgia data. Table 5 shows the factor by which B 1 levels change based on units changes in insect activity. The overall mean B 1 level for damage level 2 was ca. 25 ppb. An additional unit CEW damage would lead to a level of ca. 300 ppb, whereas the ECB at 20 days postflowering would increase from 2.8-70 ppb with a unit damage increase. The relative changes in total kernel damage for a unit change in ECB activity vs. CEW was not established. inoculated with A. jlavlIs provided insects with the higher overall A. jlavlIs incidence of 11.6% compared with 7,3% from insects of noninoculated ears. However, the highest treatment incidence of the fungus in Georgia insects (25.8%) was observed in the earliest ECB samples with no fungal inoculum. A distinctly elevated incidence of the fungus was observed in CEW in Iowa and Missouri. Ears infested with ECB at 5-10 days after flowering did not provide larvae with marked variation in A. jlavlIS incidence from ears infested at 20 days postflowering, Summation of results based on planting date and sampling times demonstrated that ears from the initial planting infested with CEW and ECB (5-10 days postflowering) provided insects with the highest incidence of the fungus at 25 days after flowering from all locations.
The relationship between insect activity, fungal inoculum, and aflatoxin contamination of the seed was determined by measuring the level of toxin in mature corn. Since 5 samples of Iowa corn contained toxin at levels from 3,3 to 4.9 ppb, these values were deleted from further analytical consideration. Statistical comparisons of test results were achieved by converting values to log (ppb aflatoxin B I + 0.5),
Treatment means of aflatoxin showed that an increased presence of A. jlavlIs in the silks 5 days after flowering enchanced toxin levels (Table 2) ; values were increased 4 times in Missouri samples and ca. 7 times in Georgia corn. Although no distinct pattern of toxin accumulation was observed in corn from ears infested with insects vs. controls, distinctly higher levels of aflatoxin were obtained from samples that had been exposed to both insect infestation by hand and fungal inoculation. Toxin values were invariably higher in Georgia samples than in similarly treated corn from Missouri. In samples from both locations, the earliest planted corn exhibited an increased presence of aflatoxin in seed at maturity. The mean toxin level in the earlier planted Missouri corn was ca. 17 times higher than samples from the later date, and in Georgia corn the toxin level from the initial planting was ca. 4 times higher. " LSR = Least statistically significant ratio between 2 means (95% level). h Values aggregated over all aflatoxin-positive samples computed from the linear regression slope. Visual insect damage; I none,2 = moderate, and 3 = heavy.
Inoculation of test ears with A. jlavlIs routinely increased subsequent incidence of the toxin-producing fungus on insects collected from the ears. The results suggest that the naturally available inoculum did not provide opportunity for maximum association of the fungus with the insects. However, in certain instances of Georgia and Iowa ECB (5-10 day) samples, the access of insects to introduced fungal inoculum did not increase the subsequent presence of the fungus.
Although the overall occurrence of the toxin-producing fungus did not vary significantly between CEW and ECB, Iowa results showed an elevated incidence of the fungus in CEW; in Missouri samples, the ECB (20 day) larvae exhibited an increased fungal presence. It appears that the development of specific fungal-insect associations is d'etermined by regional factors.
Comparison of regional variation in the occurrence of the fungal-insect association showed the highest level in samples from the southern location, intermediate levels in corn from the southern Corn Belt, and the lowest incidence in Corn Belt samples. A similar regional pattem was observed in aflatoxin levels in mature corn, i.e., highest values from southern corn and lowest toxin levels in Corn Belt samples. The increased association of the toxin-producing fungus with insects in southern samples may provide a critical component in the complex of factors that culminates in eventual enhanced toxin contamination of the seed.
An important aspect of the fungal-insect association and related toxin production was identified through comparison of samples with variable planting dates of test corn and staggered collections of insects from the developing ears. The highest incidence of A. jlavus on insects occurred in samples obtained from the 2nd collection period of the initial planting date. Time and crop maturity clearly are decisive factors in establishment of the fungal-insect relationship. Similarly, samples from the 1st planting date provided distinctly higher levels of aflatoxin in mature corn from Missouri and Georgia. Although time and crop maturity are clearly implicated in the association of fungus and insects, the low levels of aflatoxin in Iowa samples indicate that an important aspect of the toxin contamination process is mediated by subsequent, environmentally related factors.
Results of a detailed study of insect damage in the test ears in Georgia demonstrated that hand-infestation with CEW and ECB increased the levels of aflatoxin in mature seed.
Observations made in this study demonstrate that: both the CEW and ECB larvae serve as carriers of A. jlm'us inoculum from corn silks into the region of developing kernels; incidence of A. jlavus on corn insects obtained from manually-infested ears and associated aflatoxin contamination is related to environmental conditions during crop development; regional conditions determining the extent of insect damage on preharvest ears are decisive in subsequent toxin contamination of kernels; and presence of the toxinproducing fungus on corn insects and related aflatoxin formation is influenced by the time between the initial contact of the fungus and insect and insect activity on the ear, as well as maturity state of the corn.
